Products 1-5 and probably 20 have primary glucosyl radicals with the odd electron at C -l as precursors. Radicals with the free spin at C-2 give rise to the products 6 and 7. Attack at C-3 yield products 8-10, at C-4 products 11-13, at C-5 products 14-17, and an attack at C-6 products 18 and 19. Products 21-26 are formed in very low yields and hence are of minor importance. Their mechanism of formation has not been investigated.
Introduction
The radiation chemistry of glucose has found some interest from the view point of food steriliza tion by ionizing radiation. Glucose may be regarded as a model compound for starch and cellulose, and knowledge about its radiation-induced alteration is desired. It has been recognized previously by other authors1-3 that in its deoxygenated aqueous solutions under y-irradation gluconic acid, 2-deoxygluconic acid, deoxy-hexosuloses, and products with a shorter carbon chain are formed.
In this paper we give a detailed report on our results covering the isolation, identification and quantitative determination of products with carbon numbers up to 6 in y-irradiated N 20-saturated aqueous solutions of D-glucose at 25 °C. The various mechanisms of product formation are discussed and compiled schematically.
Results
Aqueous glucose solutions (10-2 M) were freed from oxygen and saturated with N 20 by bubbling the solution with 0 2-free N 20 for 30 min. Irradia tions were from 1 • 1019 eV/g up to 4 • 1019 eV/g at a dose rate of 4.3 • 1018 eV/g • h. The products were fractionated by column chromatography, reduced with NaBD4, trimethylsilylated, and identified by Table I . y-Radiolysis of 0 2-free aqueous solutions of D-glucose.
No. Product Attack at
Identified by GC-MS as described previously4. Proofs for those products already assigned in the study on cellobiose4 will not be repeated in this paper. These are the products 1-5, 12, 14, 15, 20, 22-26 (Table I) . Hexosuloses (6, 8, 11, 14) on reduction with NaBH4 yield two stereoisomers. Since the hexosuloses are derived from glucose one stereoisomer must be glucitol. The other stereoisomer is mannitol in the case of glucosone (6). 3-Keto-glucose (8), 4-ketoglucose (11) and 5-keto-glucose (14) yield allitol, galactitol, and iditol, respectively. The TMS ethers and acetates of these polyalcohols have been separated by GC and identified with the help of reference material. The yield of the hexosuloses is small and therefore suitable mass spectra could not be obtained in the GC-MS combination work. The GC separations of the hexitol acetates with glass capillary columns were good but overloading the column for the purpose of obtaining better mass spectra of these trace components deteriorated the resolution, and the signals of the other hexitol acetates or TMS ethers overlapped with the peak of the glucitol acetate or TMS ether. However, when the hexosuloses were methoximated prior to trimethylsilylation, good separation from glucose was obtained. The retention indices and the mass spectra of methoximated glucosone (6), 3-ketoglucose (8), 4-keto-glucose (11), 5-keto-glucose (14) and gluco-hexodialdose (18) corresponded to those of authentic material which had been synthesized for this purpose. The fragmentation patterns of the methoximated trimethylsilylated hexosuloses will be given elsewhere5. When deoxy-hexosuloses are reduced with NaBD4 two stereoisomeric deoxy-hexitols are formed. They contain deuterium at the positions where a carbonyl function was located prior to reduction. The mass spectra of the TMS ethers of these compounds can easily be interpreted on the basis of prominent key fragment ions6.
3-Deoxy-glucosone (7) is reduced with NaBD4 to 3-deoxy-mannitol-(l,2)d2 and 3-deoxy-glucitol- 
CHDOTMS --CHOTMS --CHOTMS --CHOTMS-CH, --CHDOTMS
The yield of 6-deoxy-5-keto-glucose (17) was too low to run mass spectra on the TMS ethers of its reduction products 6-deoxy-iditol and 6-deoxy-glucitol, but they were assigned by their retention times using authentic material. The TMS ethers of 6-deoxy-hexitols were eluted much earlier than the TMS ethers of the other deoxy compounds, and hence easily detected although present only in small quantities.
We were unable to identify the deoxy-hexosuloses (9) and (10), reported by K a w a k ish i et al.3. However, these products have been included in the mechanistic schemes (s. below). Xylose, a minor product, was identified as xylitol by its retention time using reference material. Its yield was too low to run a mass spectrum.
Quantitative measurements have been carried out by GC using internal standards. Gluconic acid (1) has been determined as the TMS ethers of its 6-and y-lactones. Gluco-hexodialdose (18), has been converted into its methoxime-TMS derivative. The other products have been reduced with NaBH4 prior to trimethyl silylation. The G-values of the polyalcohols obtained by NaBH4 reduction arc tabulated in Table I I together with their precursors. The reduction of a keto compound with NaBH4 yields two stereoisomeric polyalcohols in unequal yields. The knowledge of the ratios of their forma tion5 allows to give the yield of the precursor keto compound from the measurement of only one of the polyalcohols. In this way the G-values for the products 6, 8, 11 and 14 have been calculated. They are given in Table III . Errors are expected to be ±1 0 to 15%. The error in G(gluconic acid) is expected to be larger owing to some difficulties in the calibration which are presently not yet under stood.
Discussion
At the low concentrations of glucose (10-2 mol/1) used in these experiments glucose does not absorb an appreciable part of the radiation energy and the chemical changes observed are due to the attack of radicals derived from water radiolysis. In the radiolysis of water OH radicals, solvated electrons (e~) and H' atoms are formed as reactive inter mediates. The solvated electrons are converted by N 20 into OH radicals (reaction (1)). 
The system then consists of about 90% OH radicals and 10% H atoms. OH radicals and H atoms abstract carbon bound hydrogen atoms to give glucosyl radicals. The OH radicals and H atoms are not very selective. Therefore all six possible glucosyl radicals are formed. These are the primary radicals given in the schemes 1-6. The oxygen bound hydrogen atoms are abstracted by the OH of the primary glucosyl radicals. Fire basic pro radicals to very minor extent7 and hence glucosyl cesses have been recognized. radicals from such reactions do not have to be 1 . Disproportionation reactions of the primary considered here. The products (Table I and radicals give rise to gluconic acid (1), hexosuloses Schemes 1-6) arise from the free radical reactions (6, 8, 11, and 14) and glucodialdose (18) (Schemes 1-6). There is evidence that, at least to some extent, enols are formed as intermediates in these disproportionation reactions8-11. In order to keep the schemes readable the enol intermediates are not included.
2. a, /3-Dihydroxyalkyl radicals readily eliminate water (reaction (2)).
This process has been extensively studied on a series of compounds by ESR12-16, product analysis17-22 and pulse radiolysis23. The resulting radicals abstract hydrogen from other radicals present rather than become oxidized themselves. The results are deoxy-hexosuloses (7, 9, 10, 12, 13, 15, 16, 17), 5-deoxy-xylo-hexodialdose (19), and 2-deoxy-gluconic acid (2) (Schemes 1-6). Dimers are expected to result largely from a combination of this type of radicals18-22. They have not been isolated or identified in this work.
3. In the formation of 5-deoxy-xylo-hexodialdose (19) a process analogous to reaction (2) may occur (Scheme 6). There is now accumulating evidence that radicals of the type -COH-CHOR-can eliminate HOR, R being an alkyl group24,25.
4. Rearrangements19, 26-28 involving the ether linkage of radicals at C-l and C-5 are involved in the formation of 5-deoxy-gluconic acid (5), 5-ketoglucose (14) , and 2-deoxy-5-keto-glucose (15) (Schemes 1 and 5).
5. The loss of CO has been recognized with radicals of the type -CHOH-CO and the loss of water and CO from their hydrated forms (-CHOH-C(OH)2)29. This reaction is expected to take place in the formation of arabinose (3) and 2-deoxy-ribose (4), (Scheme 1). Ribose (20), a very minor product, is thought to be formed via the enol (s. above) in a side reaction normally leading to arabinose (3). The yield of xylose and of fragmentation products with a C-number <_ 4 (21-26) is very low. For this reason no mechanisms for their formation are given here. In the presence of oxygen 0 2 appears to add immediately to the prim ary radicals. Hence the water elimination processes and rearrangements are suppressed and no deoxy compounds are observed. The yields of 1, 6, 8, 11, 14, and 18, however, are strongly en hanced30. The G-value of the sum of the OH radicals and H atoms generated by the radiolysis of the solvent water in N 20 saturated solution is about 6. Hence the G-value of the prim ary glucosyl radicals is also about 6. However, the G-value of the sum of the products measured is only about 2.3, whereas G(-glucose) = 5 .6 ± 0 .7 . This indicates th a t a large number of compounds have not been determined. These are most likely compounds with more th an 6 (probably 12) carbon atoms. W ith the model compounds ethylene glycol18 and meso-erythritol22
where it was possible to analyse for dimeric pro ducts it has been shown th a t these largely arise from radicals of the -C H -C O -type. These ra dicals are formed from the prim ary sugar radi cals by the water elimination reaction (reaction 2). W ith sq/Wo-inositol it has been shown re cently31 th a t on decreasing the tem perature and increasing the dose rate the water elimination process can be suppressed and an equivalence of water radicals and products has been achieved by eliminating the dimerization reaction by a high steady-state concentration of the reducing (primary) radicals. Similar preliminary experiments have been carried out with glucose. However, with this com pound the water elimination processes appear to be faster, and hence no reducing primary radicals in sufficient amounts are available for reduction even a t 0 °C and a dose rate of 4.9 • 1019 eV/g • h.
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G lu c o -h e x o d ia ld o s e Scheme 6. Product formation after radical attack at C-6 of glucose. (H) denotes a hydrogen atom transferred in a disproportionation reaction.
Experimental
Materials: Nitrous oxide (Farbwerke Hoechst), glucose (p. A.), glucitol, galactitol, mannitol, pyri dine (Merck), 2-deoxy-glucose (Serva), erythrose (purum), ribose (purum), arabinose (puriss.), NaBD4 (97 atom % D), N aBH 4 ( > 98%) gluconic acid d lactone (purum), glucuronic acid y lactone, Dowex 50 W X 8 (200-400 mesh H+ form) (Roth), hexamethyldisilazane (purum) and trimethylchlorosilane (puriss) (Fluka) were available. c o n ic a c id y -la c to n e (a c c o r d in g t o I s b e l l a n d  F r u s h 32), g lu c o s o n e (a c c o r d in g t o H a m i l t o n a n d Separation of the products by column chromato graphy, the reduction with N aBH 4 and NaBD4 and trimethylsilylation was done in the same way as described in the previous work on cellobiose4. For methoximation (according to L a i n e and S w e e l e y 41) dried fractions (30 mg) obtained from column chromatography have been dissolved in dry pyridine (1 ml) and reacted with 30 mg methoxyamine • HC1 under stirring for 1 h at room temperature. This procedure was followed by trimethylsilylation.
F u r th e r r e fe r e n c e m a t e r ia l h a s b e e n s y n t h e s i z e d : G lu

S m i t h 33), gluco-hexodialdose (according to
For acetylation the reduced samples (ca. 30 mg) have been dissolved in pyridine (0.5 ml) and acetic acid anhydride (0.5 ml) and stirred for 1 h.
Gas chromatography and mass spectrometry
Thin film glass capillary columns have been used exclusively for all separations. They have been produced as described previously42. Thin film capillary columns are advantageous for the analysis because they achieve a high resolution with a low amount of stationary liquid, allowing to work at low column temperatures. Thus decomposition of sample components and stationary liquids is diminished. Therefore better mass spectra with low background intensities are also achieved in GC-MS work. By using hydrogen as the carrier gas the column tem perature can be lowered even more, or the chromatograms are obtained in a shorter time. 11 B . B l a n k a n d H. 
Quantitative determinations
The quantitative determinations of the products were done by GC using the method of the internal standard. A known amount of standard was added to an aliquot of the irradiated solution, the solution dried on a rotary evaporator a t 35 °C, and tri methylsilylated. Glucitol was used as an internal standard for gluconic acid lactone and the m ethoxi m ated derivatives. The other products were deter mined after reduction with N aB H 4 using a-methyl glucoside as an internal standard. For the acetylated derivatives the internal standard was xylitol. aMethyl glucoside and xylitol were added to the irradiated solutions prior to reduction. The relative sensitivities were determined as 2.5 for gluconic acid lactone with respect to glucitol, and 0.7 for the polyalcohols with respect to a-methyl-glucoside. For the polyalcohols in acetylated form a value of 1.0 was obtained in reference to xylitol. The analytical conditions were the same as above.
